There has been only modest clinical interest in exercise echocardiography because of the technical limitations of the procedure. Recognizing that there have been recent technical advances in the echocardiographic instruments and that echocardiography should, in theory, be an ideal technique for evaluating exercise-induced wall motion abnormalities, a clinically practical method of performing exercise echocardiograms was developed. By obtaining the echocardiograms immediately after treadmill exercise, with the patient sitting at the treadmill, a high percent of studies adequate for interpretation was obtained (92%). The addition of echocardiography to the Exercise two-dimensional echocardiography for the assessment of coronary artery disease has inspired only modest clinical interest because of the technical limitations of the procedure. The problem of examining a moving patient with rapidly expanding lungs and tachycardia has led to experimentation with various exercise modes, including handgrip (I), supine (2) and upright (3,4) bicycle tests and posttreadmill exercise (5) . The proper balance between the optimal exercise for inducing myocardial ischemia (treadmill exercise is used in the United States) and the optimal exercise for obtaining good quality echograms with minimal motion, has been difficult to achieve. As a result, the study treadmill exercise test significantly enhanced the diagnostic yield. In addition, in cases of one and three vessel disease, exercise echocardiography identified stenosis in specific coronary arteries. In patients with two vessel disease and left circumflex obstruction, specific vessel identification was less reliable. A high percent of patients with multivessel disease developed wall motion abnormalities with exercise that persisted for at least 30 minutes. It is concluded that echocardiography performed immediately after exercise with the new generation of echocardiographs can be a practical and useful clinical tool.
of the exercise two-dimensional echocardiographic technique has been effectively limited to a few interested and devoted researchers. Yet, at the same time, routine twodimensional echocardiography is emerging as a pre-eminent technique for detection of regional wall motion abnormalities (6) . It is becoming increasingly common for patients to receive both a treadmill exercise test and a two-dimensional echocardiogram in the routine evaluation of coronary artery disease. If combining the two procedures could be achieved in a simple fashion so that the diagnostic yield of both tests was increased, an important economy of effort might be achieved. This consideration, coupled with encouraging technical advances in the two-dimensional echocardiogram and the provocative work of other investigators (4,5), prompted our re-evaluation of exercise two-dimensional echocardiography.
The purposes of this study were I) to see if exercise (that is, immediate postexercise) two-dimensional echocardiography could be performed in the setting of a standard treadmill laboratory without interfering with the usual exercise routine; 2) to determine whether exercise two-dimensional echocardiography performed in this fashion could add significantly to the sensitivity and specificity of the treadmill exercise test; 3) to derive information as to how long exercise-induced wall motion abnormalities persist after EXERCISE ECHOCARDIOGRAPHY lACC Vol 2, No.6
December 1983:1085-91 exercise; and 4) to find out if exercise two-dimensional echocardiography could reliably identify specific coronary arteries with significant stenosis.
Methods
Patients. Thirty patients referred for cardiac catheterization for evaluation of suspected (Group A) or known (Group B) coronary artery disease were studied. There were 25 men and 5 women; their ages ranged from 32 to 65 years (mean 54). To be included in this study the patients had to walk at least 2 minutes on the treadmill, have good quality rest and exercise two-dimensional echocardiograms and undergo cardiac catheterization. Two patients were excluded because of poor quality exercise echocardiograms. Three were excluded because scheduled cardiac catheterization was canceled. In the study group, 21 of the final 25 patients were taking beta-receptor blocking agents; 19 of these patients were believed to be taking adequate doses, as manifested by a heart rate at rest of less than 65 beats/min. Heart rates achieved with exercise are noted in Table 1 . A control group of 12 normal volunteers, 9 men and 3 women with an age range of 19 to 30 years, was also studied with echocardiography and treadmill exercise tests.
Echocardiography.
Protocol. Two-dimensional echocardiograms were performed at rest, immediately after exercise for a total of 12 minutes and 30 minutes after exercise. The echocardiograms were obtained by a cardiologist who also frequently supervised the treadmill exercise test. The rest and immediate postexercise studies were performed with the patients sitting on a chair on the treadmill. The 30 minute postexercise echocardiogram was obtained with the patient supine and in the left lateral position. No special equipment was required other than an extra set of electrocardiographic leads for the echocardiogram. The patient was not required to do anything he would not normally have done as part of the treadmill exercise test. All standard echocardiographic views (parastemallong-and short-axis, apical four chamber and two chamber) were obtained when possible.
The echocardiographic instrument used for the studies was a 90°mechanical sector scanner (ATL 300) with a 3.0 MHz in-line transducer. (A pilot study was performed initially comparing the current two-dimensional instrument and transducer with older and less advanced equipment by the same manufacturer. The results suggested a distinct advan- tage with the newer instrument. Thus, it was used exclusively for this study.)
Analysis. Two independent observers reviewed all echocardiograms . When there was a disagreement about the results, a third observer reviewed the study and the subsequent majority judgment was binding. None of the three observers had access to angiographic findings before their interpretation . However, to more closely simulate a typical clinical setting, each observer initially reviewed the clinical history and the treadmill result before reviewing the echograms . For purposes of analysis. the left ventricle was divided into five segments in each of the major echocardiographic views (Fig . I) . Wall motion was graded + I (hyperkinetic), N (normal), -I (hypokinetic), -2 (akinetic) and -3 (dyskinetic). The parasternal short-axis view was not divided into segments for analysis but was labeled freehand because the quality of the image in this view varied greatly. Right ventricular wall motion was not analyzed as part of this study.
Before reviewing patients in the study, both observers reviewed rest and exercise echocardiograms on 12 normal volunteers in order to develop an appreciation of normal wall motion with exercise.
Treadmill exercise protocol. The treadmill examination was performed using the exercise protocol of our laboratory. Details of this system have been previously published (10) . Bipolar leads CC 5 , CH 6 and CM 2 were recorded . An abnormal exercise electrocardiogram was defined as a I mm or greater horizontal or downsloping ST segment occurring at 0.08 second after the termination of the QRS interval. Exercise electrocardiograms were recorded on FM tape and analyzed by computer for confirmation of ST segment abnormalities. Exercise tests were all finally reviewed by the director of the exercise laboratory .
Cardiac catheterization. Cardiac catheterization was performed within 24 hours of the exercise two-dimensional echocardiogram in all patients . A standard left heart and coronary artery protocol was employed, using the Judkins technique . Left ventriculography was performed in the right anterior oblique projection. Cardiac catheterization data were analyzed independent of the two-dimensional echocardiographic findings . Coronary stenoses were considered significant if there was luminal narrowing of greater than 75%. Table I lists the catheterization results. the normal routine of the treadmill laboratory. The total duration of the treadmill test was prolonged only by the length of time necessary to perform the rest echogram, usually 5 to IO minutes. The exercise (that is, immediate postexercise) echocardiogram was performed during the normal postexercise rest period . In our protocol, we extended the rest period an additional 6 minutes to allow for 12 minutes of continuous recording . Therefore, to perform a complete exercise echocardiographic study required a maximum of IS minutes more than the time necessary for a routine treadmill test. In routine clinical practice, however, this time could be shortened considerably.
Quality of recording. Although both observers agreed that the quality of the immediate postexercise echocardiograms was inferior to that of the rest recordings, they were able to evaluate wall motion in 28 of the 30 patients initially entered into the study. The most useful views were the apical four chamber, apical two chamber and parasternal long-axis views, respectively; the parasternal short-axis view was frequently of insufficient quality to be clinically useful. Of the 28 patients with good exercise echocardiograms, 3 had to be excluded because cardiac catheterization was canceled. In all three cases, a normal exercise echocardiogram played a significant role in the attending physician's decision to avoid catheterization. The percent of good quality echocardiograms was 92%.
Complementary Role of Exercise Two-Dimensional Echocardiography and Treadmill Exercise
Our patients undergoing catheterization were divided into two group s: Group A, II patients without proven coronary artery disease evaluated for chest pain and Group B, 14 Figure 1 . Schematic drawing of the left ventricle by echocardiographic views. The ventricle was arbitrarily divided into five segments to allow comparison of rest and stress images. The parasternal short-axis viewwasnotsubdivided butwaslabeled freehand because of the inconsistent quality of this view.
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Practicality of Exercise Two-Dimensional Echocardiography
Performance time. Exercise two-dimensional echocardiograms were performed on all 30 patients referred for cardiac catheterization. There was minimal interference with December 1983: 1085-91 patients with documented prior myocardial infarction undergoing study to determine whether there was additional ischemic myocardium in jeopardy. Table 2 illustrates how the 25 patients were subdivided. In Group A four patients had normal coronary arteries at cardiac catheterization. Three of these patients had normal treadmill exercise electrocardiogram and normal rest and exercise echocardiograms. One patient had a cardiomyopathy with wall motion abnormalities demonstrated at ventriculography. Both the treadmill examination and the rest and exercise echocardiograms were abnormal in this one patient.
Seven patients in Group A had abnormal coronary arteriograms. The routine treadmill exercise electrocardiogram was abnormal in four patients. The rest echocardiograms revealed wall motion abnormalities in two of the seven patients. With exercise, all seven patients demonstrated regional wall motion abnormalities. Thus, the addition of exercise echocardiography to the treadmill examination allowed the correct identification of all patients in this group with significant coronary lesions.
In Group B, all 14 patients had significant coronary stenoses at cardiac catheterization. Six of the 14 patients had a nondiagnostic study because of baseline electrocardiographic abnormalities. All 14 patients had wall motion abnormalities on the rest echocardiogram. With exercise, 10 patients demonstrated wall motion abnormalities in addition to that seen at rest. Four patients showed no new wall motion abnormalities with exercise. Three of these four patients had single vessel disease in the distribution of the previously documented infarction. Two patients had right coronary artery lesions and one had a left anterior descending artery 
Duration of Exercise-Induced WaLL Motion Abnormalities
The results of analysis of the echocardiograms performed 30 minutes after exercise were unexpected. In 13 patients, the 30 minute studies were identical to the rest echocardiogram. Any new, exercise-induced wall motion abnormality reverted to normal by 30 minutes in these patients. In two patients (Cases 1 and 13, Table 1 ) the interpretation of the 30 minute study was different from both the rest echocardiogram and the exercise study and constituted a false positive and a false negative study, respectively.
In the remaining seven patients in whom 30 minute postexercise studies were obtained, the wall motion abnormaities that developed with exercise were seen to persist. Table  3 cites the relation between the persistence of wall motion abnormalities at 30 minutes and the number of coronary arteries diseased. Four of eight patients with two vessel disease had exercise-induced regional wall motion abnormalities that persisted for 30 minutes. Both patients with three vessel disease had persistent abnormalities. All patients with one vessel disease had resolution of exerciseinduced changes by 30 minutes.
Identification of Specific Coronary Arteries With Significant Stenosis
Right coronary lesions. Left anterior descending artery lesions. Seventeen patients had significant stenosis of the left anterior descending artery. Of these 17 patients, 8 had corresponding wall motion abnormalities in the left anterior descending distribution at rest. Six patients developed corresponding wall motion abnormalities only with exercise. Thus, 14 of 17 patients with left anterior descending lesions were identified by echocardiography. In three patients (Patients 14, 15 and 25) disease of the left anterior descending artery was not identified with either the rest or exercise echocardiogram. All three of these patients had an abnormal exercise electrocardiogram and multivessel disease with regional wall motion abnormalities noted in the distribution of other vessels.
Left circumflex artery lesions were present in seven patients. In none of the patients was a wall motion abnormality at rest identified in that distribution. With exercise, two patients developed corresponding wall motion abnormalities. In three patients with three vessel coronary artery disease, the presence of diffuse wall motion abnormalities led to a diagnosis of presumed three vessel disease. Technically, therefore, circumflex disease was identified in those three patients as well, for a total of five patients. However, disease of the circumflex artery was specifically identified only in two patients.
Identification of coronary artery disease by number of vessels. Table 4 shows the breakdown of coronary artery identification by the number of vessels diseased. All patients with single vessel disease were correctly identified. Only five of the nine patients with two vessel disease had wall motion abnormalities correctly identified in both vascular distributions. Three of the four patients with three vessel disease were correctly recognized as such. The fourth (Case 25) was severely limited in his exercise capacity. 
Discussion
Advantages of the equipment. It became immediately apparent early in our experience that newer echocardiographic equipment improved our ability to obtain satisfactory echocardiograms. In our pilot study, four of eight patients could not be adequately examined using the older instrument. For exercise echocardiography to be practical, a high yield of adequate echograms must be easily obtained.
In technically difficult cases, substantial expertise was required on the part of the examiner with the older instrument.
With the newer instrument, the examination was easier and the yield much higher.
Advantages of sitting position. It was also readily apparent that our technique of using the sitting position on the treadmill was adequate from an echocardiographic standpoint. It was not the position of choice, but was dictated, rather, by the physical layout of our laboratory, which prevented an easy method of allowing the patient to lie down after exercise. In many laboratories, the patient could step easily from the treadmill to a cot where a conventional echocardiogram could be recorded. We believe that the quality of our postexercise echocardiograms would have been improved if the patients had been studied in the supine or left lateral position.
Identification of wall motion abnormalities. Our concern over theoretical preload reduction, brought about by lower limb venous pooling in the sitting position, did not prove to be a major problem. Wall motion abnormalities were seldom transient and, in fact, persisted much longer than was anticipated. However, in the normal subjects, hemodynamic recovery from exercise was rapid. From the time the treadmill began to slow at the end of the study until the first echocardiographic image was obtained, heart rate decreased an average of 40 beats/min. This finding thus reflects a wide spectrum in cardiovascular adaptation to exercise. The facility with which wall motion abnormalities were identified was primarily a function of the quality of the twodimensional echocardiogram. The most common observed wall motion change was from normal at rest to akinetic with exercise. The identification of hypokinetic and dyskinetic segments with exercise was less common. Both observers tended to be reluctant to make subtle judgments unless the echocardiograms were of a very high quality. There are currently several off-line analysis systems for analyzing wall motion abnormalities that will make recognition of hypokinetic and dyskinetic segments with more precision. We did not find that proper identification of wall motion abnormalities was significantly impaired as a result of the socalled tethering effect of scar tissue on adjacent nonischemic myocardium. The principal reason for this was that each patient served as his own control. In addition, the effect of tethering was most pronounced on viable myocardium that Table 4 shows that obstructions in the left anterior descending and right coronary arterie s were recognized in a high percent of the cases . Result s with the left circumflex coronary artery , on the other hand, were unimpre ssive . Our success in correctl y identifying the number of vessels obstructed was excellent in patient s with single vessel disease but decreased significantly when two coronary arterie s were involved . The problem was in our inability to identify correctl y regional wall abnormalities in both vascular distributions. All patients had regional abnormalities in the distribution of one of the vessels. This problem could be due, in part, to collateral flow to regions with vascular obstruction, as well as to the inability of exercise echocardiography to detect wall motion abnormalities that might be present. This cannot be documented even though some collateral flow can be seen on the angiogram . Vessels Obstructed (no.) lay within the same vascular distribution as the region of scar . In patients with previous myocardial infarction and scar formation, the region of greatest interest was in vascular distributions other than the area of the documented infarct. In only one patient did we observe an area of akinesia at rest develop improved function postexercise. This variable, however, was not specifically sought.
Persistence of wall motion abnormalities 30 minutes after exercise. Unfortunately , because this observation was not anticipated , the protocol did not include serial studies to document exactly how long the changes persisted. In several instances, the exercise-induced wall motion abnormalities were seen the next day at angiography. It is unclear how to interpret this finding because catheterization and the ventriculogram are themselves a form of stress. The ventriculogram may, therefore, more closely approximate the exercise echocardiogram rather than the rest study. We could not determine if these abnormalities were persistent from the previous exercise, or were induced at catheterization.
Those patients who manife st persistent regional wall motion abnormalities had either two vessel or three vessel disease. There were no patient s with single vessel disease who had persistent regional wall defects (Table 3) . Unfortunately , there were too few patient s in this study to make any far-reaching conclusions concerning the 30 minute postexerci se echocardiograms. However, several interesting questions are raised by this finding and need to be explored further .
Complementary role of exercise echocardiography and treadmill exercise. Exercise echocardiography significantly increased the diagnostic yield of the treadmill exercise test, and proved complementary. Four of the 14 patients in Group B with previous infarction had an abnormal rest echocardiogram, but did not develop additional wall motion abnormalities with exercise. As might be expected, three of these patients had single vessel disease and had no evidence of additional myocardium in jeopardy by angiography . The fourth patient did have significant stenosis of a second vessel that was not identified by stress echocardiography. The treadmill exercise electrocardiogram was negative in the three patients with single vessel disease, but was abnormal in this one patient. Although only with small numbers . our data suggests that exerci se echocardiography can identify specific coronary arteries with stenosis and can recognize patients with two and triple vessel disease. However , perhaps at the current level of sophistication, its principal application is the recognition or exclusion of coronary artery disease, without precise definition of anatomy . Although our patient group did not allow investigation of this issue , we anticipate that exercise echocardiography will be a welcome tool in identifying the false positive treadmill test.
Identification of specific arteries with coronary stenosis. These data are the most difficult to analyze because of the presence of collateral flow between regions of vascular
